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Medicago is widely used as a forage crop. It is often susceptible to various pathogenic
infections and exhibits low growth in drought and extreme climatic conditions. In the
current study, a strategy was developed for over-expressing an “Osmotin-Chitinase” gene
chimera in transgenic Medicago that could potentially confer resistance to different biotic
and abiotic stresses. Seed germination of several cultivars of Medicago (M. sativa ssp.
sativa, M. sativa ssp. falcata, M. sativa ssp. caerulea, M. truncatula, and M. Rugosa) was
tested to determine the cultivars with good germination rates. Among these, M. sativa
ssp. sativa showed an average of 80% germination over a period of one week and was
subsequently selected for regeneration and transformation experiments. Different
explants (cotyledons, hypocotyls, petioles) were tested for regeneration. Among these,
hypocotyl explants showed highest (46.17 %) percent regeneration. Escherichia coli
harboring Osmotin-Chitinase (OSM-CHI) gene chimera cloned into binary vector pBTEX
with nptII as a selection marker was mobilized in Agrobacterium tumefaciens strain
EHA105 which was employed in the transformation of hypocotyl explants of Medicago.
Transformed calli were grown on callus inducing medium containing kanamycin for
screening. Further screening of the positive transgenics was performed using PCR.
Southern hybridization was carried out for further confirmation of successful
transformation. Transformed shoots will be grown on the root inducing medium for

viii

developing into plantlets which would then be transferred to the green house and later
tested for their degree of resistance to various biotic and abiotic stresses.
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INTRODUCTION
Legumes are essential components of different terrestrial ecosystems and a source for
production of food, feed, forage and other compounds with industrial and commercial
uses (Somers et. al., 2003). Among legumes, alfalfa (Medicago sativa) is a high quality
forage crop grown since the beginning of recorded history and now has global presence
and is cultivated on more than 32 million hectares worldwide (Michaud et. al., 1988; Hill
et. al., 1991). It is generally agreed that alfalfa originated in middle-eastern Asia and was
first brought to North America by the European colonists in the early 1700s. It is widespread in the United States and now grown to some extent in every state. The leading
alfalfa growing states are Wisconsin and California (Putnam and Daniel, 2010). It is a
perennial flowering legume with a tetraploid genome, has a life span of about 3-12 years,
grows to a height of up to 3 ft and has a deep root system (Lacefield, 1998). Alfalfa has
become popular because of its productivity and high feed value. With its high protein
content, it complements corn silage and grains in formulating livestock rations. Alfalfa
leaves are rich in several essential minerals and other nutrients (vitamins and carotene)
and essential amino acids (Bunn et. al., 1967). With these characteristics, it is now aptly
referred to as “Queen of forages” and has become the fourth most grown crop in the
United States after corn, wheat and soybeans.
Alfalfa is also an important source of biological nitrogen fixation. Its root nodules
contain bacteria, Sinorhizobium meliloti, with an ability to fix nitrogen, producing a highprotein feed regardless of available nitrogen in soil. Its nitrogen-fixing abilities and its
use as an animal feed greatly improved agricultural efficiency (Barker et. al., 1990). The
average acre of alfalfa will fix about 200 kg of nitrogen per year, thus reducing the need
1

to apply expensive nitrogen fertilizers. Alfalfa is also used as herbal medicine as it is rich
in protein, calcium, minerals, and vitamins and also as a plant fertilizer in the form of
granular pellets (Piccioni et. al., 1997). In addition to the traditional uses as an animal
feed, alfalfa is beginning to be used as a bio-fuel for the production of electricity, soil
improvement, soil conservation, and as a factory for the production of industrial enzymes
such as lignin peroxidase, α amylase, cellulase and phytase (Bunn et. al., 1967).
Alfalfa, as established, has attained the status of an outstanding forage crop for dairy
operations with its advantages for nutritional qualities, crop rotations. Although it can
adapt to a wide range of climatic conditions, it is moderately sensitive to salt levels both
in soil and in irrigation water (Lamb et. al., 2003). Furthermore, alfalfa is also susceptible
to a large range of pests and diseases in the subtropics mostly due to their contact with
soil bacteria for nitrogen fixation. Phytophthora root rot and anthracnose crown rot are
some of the common diseases infecting alfalfa. The drawbacks associated with alfalfa
growth, crop management, pest-related problems and its as a forage crop raised concerns,
which considerably brought down the production of alfalfa in 1960s (Lamb et. al., 2003).
This and other such instances initiated efforts of crop improvements in alfalfa. These
limitations necessitate the need of further innovations to engineer alfalfa plant resistant to
these wide arrays of biotic and abiotic stresses. Plant breeding programs were initiated as
early as 1901 at several agricultural experiment stations and the USDA-ARS across
several states in USA. However, more focused and problem-specific investigations for
genetically improving alfalfa came into practice only in the last couple of decades (Lamb
et. al., 2003). Currently, modern molecular approaches are being utilized to engineer
cultivars that are tolerant to abiotic stresses. Medicago truncatula was the first plant
2

species that was successfully transformed via somatic embryogenesis using
Agrobacterium and was amenable to transgenic protein production (Halluin et. al., 1990;
Shroeder et. al., 1991). At the beginning of the 1980s, Chua and collaborators at the
Rockefeller University isolated the promoter responsible for the transcription of the
whole genome of a Cauliflower mosaic virus (CaMV) infecting turnips and was named
CaMV 35S promoter (Benfey et. al., 1990). It is a very strong constitutive promoter,
causing high levels of gene expression in dicot plants. However, it is less effective in
monocots, especially in cereals. Furthermore, several genes like sucrose non-fermenting1 (SNF1)-related protein kinases (Coello et. al., 2010), TaCHP: A Wheat Zinc Finger
Protein (Li et. al., 2010) have now been identified to confer tolerance towards abiotic
stresses. This has provided a potential opportunity of transferring these genes to
susceptible crop species to confer increased tolerance towards abiotic stresses. With the
availability of these molecular resources, alfalfa could be potentially engineered for
generating transgenics harboring specific genes from other plant species under a
constitutive promoter thereby facilitating their overexpression, which could confer
resistance towards one or more biotic and/or abiotic stresses.
Among several stress-responsive genes, osmotin (OSM) is expressed in salt-adapted
cells and triggers the accumulation of osmotin protein. Osmotin confers tolerance
towards high salinity and desiccation (Angeli et. al., 2007). One of the molecular
approaches that are conventionally employed for the overproduction of these useful
proteins is to over-express their genes. Overexpression of OSM under constitutive
promoter CaMV 35S resulted in high accumulation of proline thereby conferring
increased tolerance towards osmotic stress in transgenic tobacco (Barthakur et. al., 2001).
3

It is presumed that overproduction of osmotin could elicit the synthesis and accumulation
of certain solutes and/or responsible for initiating structural and metabolic changes
(Singh et. al., 1987). Successful integration of osmotin (OSM) gene through
Agrobacterium-mediated transformation of tobacco and tomato yielded enhanced
tolerance towards salinity, drought stress, and cold (Barthakur et. al., 2001; Angeli et. al.,
2007; Randhawa et. al., 2009). In addition, chitinases are the digestive enzymes
synthesized by soil microbes that break down glycosidic bonds in chitin, a polysaccharide
synthesized from units of N-acetylglucosamine which form covalent β-1,4 linkages
(Grenier et. al., 1990). Chitin is the main cell wall component of fungi. Chitinases are
found in taxonomically diverse and agronomically important crop and noncrop species.
Although chitinases are synthesized constitutively at low levels, a wide array of abiotic
(ethylene, ozone, salicylic acid, salt solutions, and UV light) and biotic (fungi, bacteria,
and viruses) factors can trigger a dramatic increase in their levels (Punja et. al., 1993).
For instance, chitinase activity has been shown to play an important role in the defense of
grape-vines against fungal pathogens by destroying the chitin based fungal cell walls,
thereby repressing fungal growth (Salami et. al., 2008). Overexpression of chitinase gene
(CHI) in transgenic plants resulted in increased resistance towards these biotic and abiotic
stresses providing empirical evidence towards their pivotal role in plant defense (Punja
et. al., 1993). The overexpression of chitinase in conjunction with one or more different
plant defense proteins could have a cumulative effect in conferring a higher degree of
resistance towards these stresses. In fact, an earlier study has shown the beneficial effects
of the combined expression of chitinases and plant defense proteins such as glucanases in
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conferring enhanced resistance of the plants like wheat, grape to fungal attack (Schickler
et. al., 1997).
However, at present it is not known whether the generation of transgenic Medicago
overexpressing OSM and CHI under the constitutive CaMV35S promoter would show a
higher degree of tolerance towards a wide spectrum of biotic and abiotic stresses.
Although several accessions of Medicago have been shown to be amicable for
regeneration and transformation, no concerted efforts have been made in defining the
morphophysiological parameters that could be used for assessing the suitability of a
particular accession for this purpose (Can et. al., 2009, Chabaud et. al., 2003, Crane et.
al., 2006). Therefore in this study thirty different accessions comprising this genus (M.
sativa ssp. sativa, M. sativa ssp. falcata, M. sativa ssp. caerulea, M. truncatula, and M.
rugosa) were evaluated for their various morphological (seed area, shoot area, total root
length) and physiological (percent seed germination) traits. High percent seed
germination and luxuriant seedling growth were used as the criteria for selecting the
genotype for regeneration and subsequent Agrobacterium-mediated transformation with a
binary vector harboring an OSM-CHI gene chimera. Furthermore, different explants
(hypocotyl, petiole and cotyledonary leaves) were tested for the regeneration potential of
the efficient accession (M. sativa ssp. sativa; African/ NSL 4142/ USA). Among these
explants, hypocotyls showed the highest percent regeneration and was thus used
subsequently for transformation studies. Screening of the transformants by PCR and
southern hybridization confirmed the integration of OSM and CHI in the transgenic
Medicago.

5

MATERIALS AND METHODS
Seed Morphology
Seeds of thirty different accessions of Medicago constituting M. sativa ssp. sativa, M.
sativa ssp. falcata, M. sativa ssp. caerulea, M. truncatula, and M. rugosa were procured
from USDA (http://www.usda.gov/wps/portal/usda/usdahome) (Table 1). The seeds (2025) were spread on 1% agar plates and images were captured using a synchroscopy
microscope (Leica MZ16, Houston, TX) for documenting the variations in seed shape
across the different species of Medicago and their accessions. Furthermore, the seeds of
all 30 accessions were spread on agar (1%) plates, scanned at 600 dpi (Epson Perfection
V700 Photo, Long Beach, CA), and the scanned images were used for computing the
average seed size (area) using the ImageJ (http://rsb.info.nih.gov/ij/) program.
Seed Germination
Seeds of all the thirty accessions of Medicago were surface sterilized by treating with
0.2% (w/v) HgCl2 for 20 min followed by three washes with sterile nanopure water to
remove the traces of HgCl2. Surface-sterilized seeds were then sown on water agar
medium (0.8% w/v) in a standard magenta box (GA-7) at a density of 17 seeds/box.
Seeds were allowed to germinate in a growth room set to 16-h/8-h day/night cycle at
22oC with an average photosynthetically active radiation (PAR) of 80-100 µmol m-2 s-1
provided by florescent tubes. After one week, the percentage of seed germination was
documented from three independent biological replicates.
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Tables 1. List of the Seeds of Medicago Species and Their Accessions Used for
Germination, Morphometric and Transformation Studies
S. No
JH1
JH2
JH3
JH4
JH5
JH6
JH7
JH8
JH 9
JH10
JH11
JH12
JH13
JH14
JH15
JH16
JH17
JH18
JH19
JH20
JH21
JH22
JH23
JH24
JH25
JH26
JH27
JH28
JH29
JH30

Species
Medicago sativa ssp. sativa

Medicago sativa ssp. falcata

Medicago sativa ssp. caerulea

Medicago truncatula
Medicago rugosa

Code
C1
C2
C3
C4
C5
C1
C2
C3
C4
C5
C6
C7
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C1
C2
C1
C2
C3
C4
C5
C6
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Description (Cultivar/ Accession No./
Country of origin)
Du puits/ W6 2513/ USA
African/ NSL 4142/ USA
Arizona common chilean/ NSL 4144/ USA
Hairy peruvian/ PI 399534/ KENYA
Hairy peruvian/ NSL 4143/ USA
No.8701/ PI 214218/ DENMARK
K-261/ PI 115365/ USSR
Wisconsin 460/ PI 231731/ USSR
22056/ PI 251688/ USSR
22386/ PI 251689/ USSR
17495/ PI 251830/ AUSTRIA
16268/ PI 234815/ SWITZERLAND
No.779/ PI 222198/ AFGHANISTAN
Cpi 22324/ PI 283640/ USSR
G 757/ PI 212798/ IRAN
G 11564/ PI 210367/ IRAN
Pgr 2474/ PI 243225/ IRAN
Pgr 2475/ PI 299045/ USSR
No.772/ PI 204889/ TURKEY
No.412/ PI 206453/ TURKEY
Pgr 2476/ PI 299046/ USSR
No.8937/ PI 179370/ TURKEY
Mtr 126/ PI 190083/ AUSTRALIA
Pgr 5724/ PI 190082/ AUSTRALIA
Paragosa/ PI 442893/ AUSTRALIA
Wl-27/ PI 388824/ CYPRUS
Cpi 134997/ PI 368962/ ITALY
501/ PI 487362/ PORTUGAL
Cpi 134996/ PI 308061/ SLOVAKIA
371/ PI 487361/ USA

Analysis of Shoot Area and Total Root Length
One-week-old seedlings of the thirty Medicago accessions constituting five cultivars
(M. sativa ssp. sativa, M. sativa ssp. falcata, M. sativa ssp. caerulea, M. truncatula, and
M. rugosa) were transferred to 1.0% (w/v) agar petri plates, spread gently with a hair
brush under a stereomicroscope and scanned in transmissive mode at 600 dpi (Epson
Perfection V700 Photo, Long Beach, CA). Total root length and shoot area were then
determined from the scanned images using the image analysis and editing software
ImageJ.
Details of the OSM-CHI Gene Chimera Construct
The OSM-CHI gene chimera construct was kindly provided by Dr N. Singh, Auburn
University, AL. Binary vector pBTEX, a derivative of the binary vector pBI121 was used
by Dr. Singh for cloning these two genes (Pardo et. al., 1998). Both 732 bp OSM (Singh
et. al., 1989) and 984bp CHI (Broglie et. al., 1989) were cloned separately between the
345bp CaMV 35S promoter (http://blast.ncbi.nlm.nih.gov/) and octopine synthase (OCS)
terminator and inserted in between the left and right borders of the binary vector (Fig. 1).
The 3’ flanking region of the OCS gene, known as OCS terminator, is widely used as a
transcriptional terminator of transgenes in plant expression vectors (Shao et. al., 2010).
The Neomycin phosphotransferase gene (npt-II) confers kanamycin resistance and serves
as selection marker in the binary vector for screening purposes in plants. Another set of
npt-II is present outside the T-DNA region of the binary vector and it serves as selection
marker for screening E. coli.
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Figure 1. Details of the Osmotin-Chitinase Gene Chimera: The osmotin (OSM) and
chitinase (CHI) coding sequences were cloned into the multiple cloning sites of the TDNA region of the binary vector pBTEX. The expression of both genes is under the
control of individual copies of CaMV35S promoter and OCS-ter. The Kanamycin
resistance gene (nptII) facilitates the selection of transgenic plants on kanamycinsupplemented medium. Single letters mark the restriction enzyme sites (K-KpnI, M-SmaI,
S-SalI, P-PstI, Sp-SphI and X-XbaI).
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Plasmid Preparation
A single colony of E. coli harboring the OSM-CHI gene chimera in pBTEX was
inoculated into 5 ml of LB medium containing 50 µg/ml of kanamycin and grown over
night at 37oC on a rotary shaker at 250 rpm. E. coli cells were collected by centrifugation
(13000 rpm, 10 min) and plasmid was isolated by Qiagen miniprep kit (Qiagen, Cat. No.
27104; http://www.qiagen.com) as described by the manufacturer. DNA was quantified
using Nanodrop (ND-1000 Spectrophotometer, Wilmington, DE). The average 260/280
absorbance was around 1.8-2.0 confirming the purity of the plasmid preparation.
Agarose Gel Electrophoresis
The amplification product was run on a 1.5% agarose gel (1.5% agarose, 5 ng/ml
ethidium bromide, 1X TAE buffer (40 mM Tris-HCl, 20 mM NaOAc, 2 mM Na2EDTA,
pH 8.3)) and electrophoresis was carried out at 100 V for one hour. 100 bp DNA ladder
(New England Biolabs, Baverly, MA) was used as a size marker. After the run, PCR
product on the gel was documented using Alpha-Innotech Flour Chem HD2 Gel Imaging
System (Alpha-Innotech, Santa Clara, CA).
Confirmation of OSM-CHI Gene Chimera Using Restriction Digestion Analysis
pBTEX with the insert OSM-CHI was linearised using the restriction enzyme KpnI
(Fermentas, FD0524; http://www.fermentas.com/en/home). The reaction mixture
consisted of 1U KpnI per µg of plasmid DNA, 10X Buffer and sterile water. The mixture
was incubated for 1 hour at 37°C in a water bath. Digested plasmid was purified using
Dye Ex spin column according to the manufacturer’s protocol (Qiagen, Cat. No. 63204;
http://www.qiagen.com/). The purified digest sample was quantified using Nanodrop
Spectrophotometer and then subjected to second digestion using the restriction enzymes
10

XbaI and PstI (Fermentas, FD0684, FD0614; http://www.fermentas.com/en/home) as
described above. Buffers were provided along with the restriction enzymes by Fermentas.
Digested products were run on 1% Agarose gel and documented using Alpha-Innotech
Flour Chem HD2 Gel Imaging System.
PCR Primers for Detection of the OSM-CHI Gene Chimera
Primers required for the PCR confirmation of OSM-CHI gene chimera construct were
designed using the primer 3.0 program (http://frodo.wi.mit.edu/primer3/). This was
necessary for the selection of primers for the PCR confirmation of the transformed
Agrobacterium colonies and also screening the transgenic plants. Forward and reverse
primers were designed to amplify the osmotin (OSM) and chitinase (CH1) coding
sequences (Singh et. al., 1989; Broglie et. al., 1989) (Fig. 2A and 2B). Primers were
synthesized by Integrated DNA Technologies (IDT; http://www.idtdna.com/) and the
details of their sequences are given in Table 2. The PCR reaction mixture (25 µL)
comprised of 5 µL of 5X Buffer, 1.5 µL of 50 mM MgCl2, 1 µL of 100 mM dNTPs, 1
µL each of 20 µM Forward and Reverse Primers, 0.5 µL of 5U/ µL of Mango Taq (TM)
polymerase (Bioline, Cat. No. BIO-21082; www.bioline.com) and 100 ng plasmid DNA
or 50 ng plant genomic DNA. PCR conditions used were: 95oC for 5 min, 36 cycles of
94oC for 30 s, 60oC for 30 s, 72oC for 20 s followed by final extension at 72oC/ 5 min.
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A.
ATGGGCAACTTGAGATCTTCTTTTGTTTTCTTCCTCCTTGCCTTGGTGACTTATACTTATGCTGCCACTAT
CGAGGTCCGAAACAACTGTCCGTACACCGTTTGGGCGGCGTCGACACCCATAGGCGGTGGCCGGCGTCTCG
ATCGAGGCCAAACTTGGGTGATCAATGCACCACGAGGTACTAAAATGGCACGTGTATGGGGCCGTACTAAT
TGTAACTTCAATGCTGCTGGTAGGGGTACGTGCCAAACCGGTGACTGTGGTGGAGTCCTACAGTGCACCGG
GTGGGGTAAACCACCAAACACCTTGGCTGAATACGCTTTGGACCAATTCAGTGGTTTAGATTTCTGGGACA
TTTCTTTACTTGATGGATTCAACATTCCGATGACTTTCCCCACTAACCCTAGTGGAGGGAAATGCCATGCA
TTATGTACGGCTATAAACGGCGAATGTCCCGCGGAACTTAGGGTTCCTGGAGGATGTAATAACCCTTGTAC
TACATTCGGAGGACAACAATATTGTTGCACACAAAGACCTTGTGGTCCTACATTTTTCTCAAAATTTTTCA
AACAAAGATGCCCTGATGCCTATAGCTACCCACAAGATGATCCTACTAGCACTTTTACTTGCCCTGGTGGT
AGTACAAATTATAGGGTTATCTTTTGTCCTAATGGTCAAGCTCACCCAAATTTTCCCTTGGAAATGCCTGG
AAGTGATGAAGTGGCTAAGTAG

B.
ATGAAGAAGAATAGGATGATGATTATGATATGCAGTGTAGGAGTGGTGTGGATGCTGTTAGTTGGAGGAAG
CTACGGAGAGCAGTGTGGAAGGCAAGCAGGAGGTGCACTCTGCCCAGGGGGCAACTGTTGCAGCCAGTTCG
GGTGGTGCGGCTCCACCACTGACTACTGCGGCAAGGATTGCCAGAGCCAGTGCGGGGGACCGTCTCCTGCT
CCTACTGATCTCAGCGCCCTCATATCCAGGTCCACCTTCGACCAGGTGCTCAAACATCGCAACGACGGAGC
ATGCCCAGCCAAAGGCTTCTACACCTACGATGCCTTCATCGCCGCCGCCAAGGCTTACCCCAGCTTCGGAA
ACACCGGAGACACGGCCACTCGCAAGAGGGAGATTGCGGCCTTCTTGGGGCAAACGTCTCACGAAACAACC
GGGGGATGGGCCACTGCGCCCGACGGACCATACGCATGGGGATACTGCTTCGTGAGGGAGCGGAACCCCAG
TGCGTACTGCTCCGCCACTCCCCAGTTCCCCTGCGCCCCTGGGCAGCAGTACTACGGCAGGGGTCCCATCC
AGATATCCTGGAACTACAACTATGGTCAGTGCGGAAGGGCCATTGGGGTTGACTTGCTCAACAAACCTGAT
CTAGTCGCCACTGACTCTGTCATCTCCTTCAAGTCCGCCCTCTGGTTCTGGATGACCGCACAGTCCCCCAA
ACCTTCCTCCCACGACGTCATCACCTCTCGATGGACCCCCTCCTCTGCCGACGTCGCCGCCCGCCGGCTTC
CCGGCTACGGCACTGTGACGAACATCATCAACGGAGGCCTGGAGTGCGGGCGAGGACAGGACAGCAGGGTT
CAAGACCGCATCGGATTCTTCAAGAGATACTGTGATCTGCTTGGAGTTGGTTATGGCAACAACCTTGACTG
CTACTCTCAGACTCCATTTGGAAATTCACTCTTCCTCTCTGACCTTGTCACCTCTCAGTGA

Figure 2. Nucleotide Sequences of OSM and CHI Cloned into the Binary Vector
pBTEX. A, coding sequence of Osmotin from Nicotiana tabacum (732 bp) (Singh et. al.,
1989) and B, coding sequence of Chitinase from Phaseolus vulgaris (984 bp) (Broglie et.
al., 1989). Start and stop codons are highlighted.
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Tables 2. List of Primers Used for PCR Analysis
Forward primer

Reverse primer

Gene

Sequence (5' → 3')

No. of
base
pairs

Sequence (5' → 3')

No. of
base
pairs

OSM1

CCGATGACTTTCCCCACTAA

20

59.93

CGCCGTTTATAGCCGTACAT

20

60.01

67

OSM2

TGGATTCAACATTCCGATGA

20

59.86

CGCCGTTTATAGCCGTACAT

20

60.01

80

CHI 1

GCAAACGTCTCACGAAACAA

20

59.89

TCCCTCACGAAGCAGTATCC

20

60.22

81

CHI 2

ACAGGACAGCAGGGTTCAAG

20

60.3

TGTTGCCATAACCAACTCCA

20

59.96

77

CHI 3

TACGGCACTGTGACGAACAT

20

60.18

CTTGAACCCTGCTGTCCTGT

20

60.3

70

Tm
(°C)

13

Tm
(°C)

Product
size
(bp)

Preparation of Agrobacterium Competent Cells
Two different strains of Agrobacterium (AGL1 and EHA105) were used for the
current transformation study. Glycerol stock of AGL1 strain (Chabaud et. al., 2003) was
streaked on LB agar plate supplemented with ampicillin (100 µg/ml) and tetracycline (15
µg/ml). Strain EHA105 (Trinh et. al., 1998) was grown on LB medium with rifampicin
(10 µg/ml). Both strains were maintained at 28oC in darkness till the appearance of
bacterial colonies (1-2 d). Subsequently, single colonies of AGL1 and EHA105 were
inoculated into two separate culture tubes containing 20 ml of liquid LB medium with the
above mentioned antibiotics and grown overnight at 28oC with constant shaking at 200
rpm. After 12 – 20 h of growth (OD600nm ~ 0.5-1.0), 1.5 ml of culture was aliquoted in an
eppendorf tube (2.0 ml) and 500 µL of 80% sterile glycerol was added to it. The tubes
were immediately frozen with liquid nitrogen and stored at -80oC.
For the preparation of competent cells, 1 ml of the above liquid culture was
inoculated in 20 ml of fresh LB broth in 100 ml flask and maintained at 200 rpm at 28oC
till the OD600nm ~ 0.6 – 0.8 was achieved. One ml of the culture was transferred to a fresh
tube and chilled on ice for at least 15 min and then the cells were pelleted by
centrifugation at 10,000 rpm for 5 min at 4oC. The pellet was resuspended in half of the
original volume with sterile ice-cold CaCl2 (0.1 M) and incubated on ice for 50 min. The
cells were again collected by centrifugation at the above said conditions and resuspended
in 1/5 of the original volume with sterile ice-cold CaCl2 (0.1 M). The suspension was
then mixed with an equal volume of 40% sterile glycerol, frozen in liquid nitrogen and
stored at -80oC till further use (Yong et. al., 2006).
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Transformation of Agrobacterium Competent Cells by Freeze Thaw Method
Recombinant DNA plasmid containing OSM and CH1 (1µg) was added to 0.2 ml of a
suspension of Agrobacterium competent cells (AGL1 and EHA105) and left on ice for 10
min. The Eppendorf tubes were then frozen in liquid nitrogen for 2 min followed by
immediate transfer to a water bath (37oC) for 5 min and then a rapid shift onto ice for
further 2 min of incubation. Volume of the mixture in the Eppendorf tubes was then made
to 1 ml by the addition of 800 µl of LB broth and was incubated at 28oC for 3-4 h with
200 rpm shaking. Cells were pelleted by centrifugation at 10,000 rpm for 2 min. The
supernatant was discarded and the pellet was resuspended in 200 µL of LB. This
suspension was plated on a freshly prepared LB medium supplemented with antibiotics
ampicillin (100 µg/ml); tetracycline (15 µg/ml); kanamycin (50 µg/ml) for AGL1 strain;
rifampicin (10 µg/ml) and kanamycin (50 µg/ml) for EHA105 strain and incubated at
28oC for 1-2 d. At the same time untransformed cells were also spread on another plate
containing the antibiotics as a control (Yong et. al., 2006).
Confirmation of the OSM-CHI Gene Chimera in Agrobacterium by Colony PCR
Ten colonies were randomly selected from the LB plate hosting the transformed
Agrobacterium colonies and marked as 1-10. PCR reaction mixture was prepared as
described above. However instead of DNA, bacteria picked up from the plates by tooth
picks were used. The PCR conditions used were the same as before for amplification
from the plasmid DNA. Following the PCR confirmation, the colonies harboring both
OSM and CHI genes were re-streaked on a freshly prepared LB plate supplemented with
appropriate antibiotics and incubated at 28oC in darkness for 2 d.
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Agrobacterium-mediated Transformation of Medicago Explants
A single colony of the Agrobacterium (EHA105) strain harboring gene chimera was
inoculated into 20 ml of LB medium containing rifampicin (10 µg/ml) and kanamycin
(50 µg/ml) and was grown overnight at 28oC on a rotary shaker at 250 rpm. The culture
was allowed to grow till the OD600 value reached ~1.5. The bacterial cells were then
collected by centrifugation (5000 rpm, 4oC, 10 min) and the pellet was resuspended in
liquid MS medium (MS basal medium & vitamins, 3% Suc (w/v), pH 5.8 (Murashige et.
al., 1962)) supplemented with acetosyringone (200 µM) (Yong et. al., 2006) and
kanamycin (50 µg/ml). The bacterial pellet was diluted to an OD600 of around 0.5 and
then incubated at 28o C with shaking at 200 rpm until it reached an OD600 of ~0.6-0.8.
Hypocotyl explants isolated from one-week-old seedlings of M. sativa ssp. sativa
were wounded by stabbing with a sterile needle randomly at 3-5 sites for effective
infection. The explants were immersed in the Agrobacterium suspension and incubated
for 30 min on the shaker (28o C, 80 rpm). After incubation, the explants were blot-dried
on sterile filter paper and transferred to Callus Inducing Medium (CIM; MS basal
medium & vitamins, 3% Suc (w/v), 0.8% agar (w/v), 0.2 mg/L Indole Acetic Acid (IAA),
0.2 mg/L Benzyl Adenine (BA), pH 5.8) and grown in the culture room in darkness at 28o
C (Trieu et. al., 1996). As control, one set of the hypocotyl explants were infected with
Agrobacterium transformed with binary vector devoid of the gene chimera under
identical growth conditions.
Regeneration of Transgenic Medicago
After 3 d, the co-cultivated explants were transferred to freshly prepared CIM
supplemented with kanamycin (50 µg/ml); carbenicillin (350 µg/ml). The explants were
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sub cultured on to fresh plates every two weeks. Both control and transformed explants
were grown in dark for two weeks and then transferred to light for the rest of their
growth. After 4 weeks of growth, explants were transferred to freshly prepared CIM
supplemented with high concentration of kanamycin (200 µg/ml); carbenicillin (350
µg/ml) for screening of the transgenics. After the incidence of shoots (4-6 weeks) calli
were transferred to Regeneration Medium (RM; MS basal medium & vitamins, 3% Suc
(w/v), 0.8% Agar (w/v), pH 5.8) supplied with kanamycin (200 µg/ml); carbenicillin (250
µg/ml). After 1-2 months of shoot regeneration, the transgenic shoots were transferred to
Root Inducing Medium (RIM; MS basal medium & vitamins, 3% Suc (w/v), 0.2 mg/L
IBA, 0.8% Agar (w/v), pH 5.8) supplemented with kanamycin (200 µg/ml); carbenicillin
(100 µg/ml) (Beattie et. al., 1995).
Molecular Confirmation of the Transgenics
Fresh leaves were excised under sterile conditions, from four-week-old transformed
shoots as well as the control. Genomic DNA was extracted from the leaves using the
CTAB protocol (Porebski et. al., 1997).
The extracted DNA was used for PCR confirmation using the gene-specific primers
(Table 2) availing the conditions described earlier, except that the PCR cycles were
increased to 40. PCR products were then separated on a 2.0% (w/v) agarose gel and
stained with ethidium bromide.
Southern Hybridization
Following gel electrophoresis, DNA was transferred to Hybond N+ (Amersham, UK)
nylon membrane by overnight capillary blotting as described by Sambrook et al. (1989).
Plasmid DNA harboring the OSM-CHI gene chimera (~ 3.5 kb) was used as template for
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synthesizing the probe by the random prime labeling method using DIG-DNA labelling
and detection kit (Roche Applied Science, Cat. No. 11 093 657 910; http://www.rocheapplied-science.com/). Pre-hybridization, hybridization and washing were performed
according to protocol provided along with the kit. Finally membrane was developed by
Anti-DIG antibody binding followed by incubation in the substrate solution. Coloring
reaction was stopped by washing with TE buffer (0.5 X). The blot was washed in water,
air dried and scanned using HP Scan jet 4370 Photo Scanner.
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RESULTS
Seed Morphology Varies Across the Species of Medicago and Their Accessions
Seeds of thirty different accessions of M. sativa ssp. sativa, M. sativa ssp. falcata, M.
sativa ssp. caerulea, M. truncatula, and M. rugosa) (Table 1) were examined for
variations, if any, in their shape and size. Images captured using synchroscopy
microscope revealed variations in the shape of seeds not only amongst different species
of Medicago but also across their accessions (Fig.3A). Significant variations were also
evident in the seed area of these accessions. Values ranged from 1.23 mm2 (M. sativa ssp.
caerulea Cpi 22324/ PI 283640/ USSR) to 8.94mm2 (M. rugosa PI 487361/ USA).
Relatively, the seed areas of M. truncatula and M. rugosa accessions were significantly
higher compared to the accessions of M. sativa (Fig. 3B).
Percent Seed Germination Varies Across the Species of Medicago and Their
Accessions
Percent seed germination was compared across thirty different Medicago accessions.
Significant variations in germination were observed across different subspecies of
Medicago sativa ranging from 15.5% in M. sativa ssp. falcata to 74.3% in M. sativa ssp.
sativa (Fig.4A-B) (seed germination values represented the averages of five different
accessions each for these two subspecies). The results clearly demonstrated a wide range
of variation in seed germination across different subspecies of Medicago sativa.
Interestingly, a similar trend in seed germination was also evident across different
accessions of these subspecies (Fig. 4C). For instance, among the five different
accessions tested for M. sativa ssp. sativa, the percent values were 90.5 and 33.3 for
accessions Arizona Common Chilean/ NSL 4144/ USA and Hairy peruvian/ PI 399534/
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Figure 3: Variations in the Seed Morphology Across Different Accessions of
Medicago. A, Seeds of thirty different genotypes (JH1-JH30) representing M. sativa ssp.
sativa, M. sativa ssp. falcata, M. sativa ssp. caerulea, M. truncatula, and M. rugosa
spread on 1% agar plates. B, Histogram showing the variations in seed area for 20-25
seeds per accession. Values are means ± SE.
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Kenya, respectively. Under the conditions tested, M. sativa ssp. falcata (K-261/ PI
115365/ USSR) showed lowest (2.4) percent germination values. There was an apparent
positive correlation between the seed size and the seed germination percentage (Fig. 5).
For instance, seeds of accessions belonging to M. sativa ssp. sativa, M. truncatula, and
M. rugosa were relatively bigger in size and showed higher percent seed germination
compared with those of the accessions from M. sativa ssp. falcata and M. sativa ssp.
caerulea which were characterized by small seed size and low seed germination.
Morphological Traits Show Differences Across the Species of Medicago and Their
Accessions
Morphological traits (root length and shoot area) were analyzed across the species of
Medicago and their accessions to identify those exhibiting luxuriant growth of both root
and shoots. Seedlings used earlier for documenting the percent seed germination were
used for evaluating these traits. Total shoot area comprised hypocotyls, cotyledons,
petiole, and leaves. Among the accessions analyzed, the total shoot areas of M. rugosa
and M. sativa ssp. falcata were 14.5 mm2 and 6.9 mm2, respectively, representing
maximal and minimal values for the 30 accessions (Fig. 4D). Variations in the shoot area
were also evident across different accessions of M. sativa ssp. sativa, M. sativa ssp.
falcata, M. sativa ssp. caerulea, M. truncatula, and M. rugosa. No subspecies-and/or
accession-specific trend was observed for this trait. Similarly, no explicit trend was
observed in the total root length across different accessions of the same and/or different
subspecies. For instance, total root length varied from 3.5 cm in M. sativa ssp. sativa to
1.2 cm in M. truncatula (Fig. 4E). Significant variations were observed in the
germination and morphological characteristics across the different species of Medicago
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Figure 4. Differential Germination and Growth Responses Across Different
Medicago Species and Their Accessions. Sterilized seeds of Medicago were germinated
on 0.8% water-agar in Magenta boxes and maintained under controlled growth
conditions. A, One-week-old seedlings in a Magenta box (GA-7). B, Seedlings removed
from the Magenta box, spread on 1% agar plates, scanned at 600 dpi and captured images
were used for documenting the variable growth responses across different Medicago
species (Medicago sativa ssp. sativa (sspI); Medicago sativa ssp. falcata (sspII);
Medicago sativa ssp. caerulea (sspIII); Medicago truncatula; Medicago rugosa) and their
cultivars (Cn; n = specific cultivar type indicated by numbers. For detailed description of
each Cn see Table 1.). Photographs represent 12 seedlings and three independent
biological replicates. Data are shown for percent seed germination (C), shoot area (D),
and total root length (E). Values in C are means ± SE. Five of the thirty accessions (JH6,
JH12, JH19, JH21, JH30) showed 0% seed germination.
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Figure 5. Correlation of Seed Area and Seed Germination of the Thirty
Different Accessions of Medicago. The trend line indicates slight positive correlation
between the parameters seed area and seed germination of the thirty different accessions
of Medicago that were tested.
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and also across the different subspecies of Medicago sativa whose values were
represented in the Table 3 and Table 4. Furthermore, there was no apparent correlation
between percent seed germination, total root length and shoot area suggesting the
involvement of different genetic factors regulating these morphophysiological traits.
Selection of the Genotype Amenable for High Frequency Regeneration
We used the following morphophysiological traits as criteria for selecting the
Medicago accession most suitable for the regeneration and transformation studies:
(a) High (60-80%) percent seed germination
(b) Luxuriant growth of seedlings to facilitate its usage as explants
Detailed morphophysiological analysis of thirty accessions resulted in the identification
of accession JH2 (M. sativa ssp. sativa, African/ NSL 4142/ USA) exhibiting high
percent seed germination (88.24%), and copious growth of shoot (16.46 mm2) and root
(5.77 cm).
Selection of an Explant type for the Regeneration of Medicago
With a long-term goal of developing an efficient regeneration system for Medicago
amenable for Agrobacterium-mediated transformation, the percent regeneration into
callus from hypocotyl, petiole and cotyledonary leaf explants were evaluated. Briefly,
explants were excised from one-week-old seedlings grown on water agar medium.
Subsequently, each of these explants was further dissected into 2-3 segments of 1-2 mm
each and transferred to CIM (Fig. 6A). Incidences of callus formation from these explants
were monitored over a period of 4-6 weeks. Hypocotyl explants resulted in high percent
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Tables 3. Comparison of Germination and Morphometric Characteristics of Three
Different Species of Medicago Selected for Regeneration Trials

Criteria for Genotype
Selection
Seed Germination (%)
Seed Area (mm2)
Total Root Length (cm)
Shoot Area (mm2)
Values are means of ±SE

Medicago
sativa
(n=22)
35.25±3.08
1.9±0.07
8.5
26.5
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Medicago
truncatula
(n=2)
76.45±2.95
4.8±0.2
1.2
7.9

Medicago
rugosa
(n=6)
40.33±1.0
6.1±0.2
2.8
14.5

Tables 4. Comparison of Germination and Morphometric Characteristics of Three
Different Sub-species of Medicago sativa Selected for Regeneration Trials

Criteria for Genotype
sub sp. sativa
Selection
(n=5)
Seed Germination (%)
74.32±3.04
Seed Area (mm2)
2.5±0.1
Total Root Length (cm)
3.5
2
Shoot Area (mm )
12.4
Values are means of ±SE
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sub sp. falcata
(n=7)
11.07±2.8
1.7±0.02
2.1
6.9

sub sp. caerulea
(n=10)
20.36±3.4
1.5±0.1
2.9
7.2

Figure 6. Differential Responses of Explants in Regeneration. A, Typical one-weekold seedling used for excising explants from petiole, hypocotyl and cotyledonary leaves.
B-D, Different growth responses of the different explants transferred to callus inducing
medium; (B) hypocotyl, (C) cotyledonary leaves, and (D) petiole. Photographs were
taken after 3 weeks for documenting the percentage of regeneration. E, Histogram
showing the percentage of regeneration into callus among the various explants used.
Values are means ± SE.
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(46.15%) regeneration into calli relative to the cotyledonary leaf (15.38%) and petiole
(11.76%) explants (Fig. 6E). The majority of explants from hypocotyl dedifferentiated to
form healthy calli (Fig. 6B) whereas explants from both petiole and cotyledonary leaf
wilted over time. A few of the explants that survived did not induce significant volume of
calli but instead regenerated directly into shoots (Fig. 6C, 6D). Therefore, for further
regeneration, calli induced from hypocotyl were sub-cultured on fresh CIM for another 46 weeks till the emergence of shoots. Each of the shoots emerging from calli was
carefully excised and transferred to RM for further development. The study thus
demonstrated the feasibility of using hypocotyl explants from the JH2 accession for
regeneration of entire plants.
Confirmation of OSM-CHI Gene Chimera Construct Using Restriction Digestion
Analysis
On digestion with KpnI and XbaI, a fragment of size 735bp (Fig. 7; Lane 2) was released
from pBTEX with the gene chimera OSM-CHI confirming the presence of osmotin gene
while digestion with KpnI and PstI released a fragment of size 984bp (Fig. 7; Lane 3)
confirming the presence of chitinase gene. These two digestions further confirmed the
integrity of the plasmid just before mobilizing it into the Agrobacterium. Other fragments
released in lanes 2 and 3 represent vector back bone and their sizes were as expected.
Selection of Gene Specific Primers for PCR
Different sets of gene-specific primers were designed for both, OSM and CHI genes.
PCR amplification from the binary vector yielded products of sizes 67 bp (OSM) and 70
bp (CHI) with gene-specific primers OSM 1 and CHI 3, respectively (Fig. 8; Lanes 2 and
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Figure 7. Restriction Digestion Analysis for the Confirmation of OSM-CHI Gene
Chimera Construct. Ethidium bromide-stained agarose gel 1.0% (w/v) showing
restriction digestion of the plasmid harboring OSM-CHI gene chimera. 1 kb ladder was
used as molecular marker (lane1). Lane 2 illustrates the digestion products released from
pBTEX on digestion with KpnI and XbaI (735 bp). Lane 3 demonstrates the digestion
products released from pBTEX on digestion with KpnI and PstI (984 bp). Lane 4 depicts
the digestion products of the construct with KpnI. Lane 5 shows the uncut plasmid.
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Figure 8. Selection of Efficient Primers for Screening OSM-CHI Transformants.
Ethidium bromide-stained agarose gel 1.5% (w/v) showing the PCR amplification
products of the OSM and CHI genes from pBTEX using gene specific primers. 100 bp
ladder was used as a molecular marker. OSM 1 and CHI 3 (lanes 2, 6) primer pairs were
chosen for further confirmation studies as they yielded single amplification products of
the expected size. Lanes 3, 4 and 5 show the PCR products of OSM 2, CHI 1, CHI 2
primer sets respectively.
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6). This led to the selection of these primers pairs for the PCR confirmation of the
transformed Agrobacterium colonies and also transgenic Medicago calli.
Screening for Efficient Agrobacterium Strain for Transformation
Although several Agrobacterium strains are available (Lee et. al., 2008), the majority
of studies have used either AGL1 (Lazo et. al., 1991) or EHA105 (Hood et. al., 1993) due
to their high efficiency of transformation. Therefore, for the present study both
Agrobacterium strains were tested for their efficacy in transfo.
rming Medicago. Competent cells made by CaCl2 of the Agrobacterium strains (AGL1
and EHA105) were transformed with the binary vector harboring OSM and CHI by the
freeze-thaw method. Interestingly, EHA105 formed colonies after incubation for a period
of 2-3 days (Fig. 9A), whereas no colonies were detected for AGL1 (Fig. 9B).
Consequently, colonies formed by EHA105 were excised for PCR confirmation.
Selection of Transformed EHA105 Bacterial Colonies Using Colony PCR
Colonies from Agrobacterium strain EHA105 were randomly selected, marked as 1 to
10 and subjected to colony PCR using gene-specific primers OSM 1 and CHI 3 (see
Table 2) for confirming the presence of OSM and CHI genes respectively. Colonies 2, 3,
and 9 demonstrated positive for both the genes (Fig. 10) and hence were selected for
stable transformation of Medicago hypocotyl explants.
Screening of the Transformed Medicago Calli
The antibiotic kanamycin was used for initial screening of the transformed calli.
Explants were grown on CIM with 50 µg/ml of kanamycin for the first 4 weeks. During
this period most of the calli were green and healthy (Fig. 11A, B, C). After 4 weeks these
calli were transferred to CIM with 200 µg/ml of kanamycin and screened over a period of
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Figure 9. Screening for Efficient Agrobacterium Strain for Transformation. LB
plates showing the formation of Agrobacterium colonies of strains EHA105 (A) and
AGL1 (B) and plates C and D shows respective non transformed Agrobacterium strains
after 2 d of growth at 28oC. Antibiotics rif and kan were added to the plates for EHA105
and amp, tetr, kan for AGL1.
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Figure 10. Screening of EHA105 Bacterial Colonies Using Colony PCR. Ethidium
bromide-stained agarose gel 1.5% (w/v) showing the PCR amplification products of OSM
and CHI generated by using gene specific primers OSM 1 (A) and CHI 3 (B) from
Agrobacterium strain EHA105 after mobilizing the construct. 100 bp ladder was used as
a molecular marker (M). Colonies 2, 3 and 9 show products of the expected size and
hence were selected for transformation of hypocotyl explants of Medicago sativa ssp
sativa.
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2 weeks to eliminate the false transgenic (false positive) calli among them. Browning
and/or wilting of some of the calli indicated that they were not harboring the kanamycin
resistance gene nptII and hence not transformed (Fig. 11D, E, F). Furthermore, PCR
using gene-specific primers (OSM 1 and CHI 3) was used for validating the fidelity of
the transgenics that were selected as positive during initial screening. Eight weeks after
transformation, genomic DNA was extracted from both transgenic sample (TC 13) and
control shoots (transformed with EHA105 strain with the binary vector devoid of gene
chimera) and analyzed using PCR (Fig. 12). Transgenic shoots exhibited expected
amplification products for both the genes (Fig. 12; lanes 2, 5) confirming the presence of
OSM and CHI genes. The controls (with no OSM and CHI) did not give rise to
amplification products as expected (Fig. 12; lanes 3, 6).
Southern Hybridization
Southern hybridization was performed to verify the integration of OSM and CHI into
genomes of the transformed plantlets. The stained bands on the blot correspond to the
bands on the agarose gel which represented the PCR products of OSM and CHI from the
DNA isolated from the transformed shoots. No such bands observed in the case of
untransformed control. Hence results confirm the integration of the two genes into the
genome of the M. sativa ssp. sativa (JH2) (Fig. 13).
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Figure 11. Effect of Different Concentrations of Kanamycin on the Survival of
Plantlets Regenerated After Transformation. A, B, C show different plantlets
growing on 50 µg/ml kanamycin and D, E, F show those grown on 200 µg/ml
kanamycin. The higher antibiotic concentration represented a more stringent screening of
the transformants eliminating false positives.
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Figure 12. PCR Confirmation of OSM and CHI in the Plantlets Regenerated After
Transformation. Ethidium bromide-stained agarose gel (2.0% w/v) showing the PCR
amplification product OSM and CHI, generated by using gene-specific primers OSM 1
and CHI 3 (lanes 2, 5) from the genomic DNA isolated from shoots that had emerged
from the transformed hypocotyl explants of the sample TC 13. Control plantlets did not
give PCR products for the primer sets OSM 1 and CHI 3 (lanes 3, 6). 100 bp ladder was
used as a molecular marker (lane 1).
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Figure 13. Southern Blot Analysis of PCR Products Amplified from Transgenic
Plantlets. OSM and CHI bands on blot detected by the probe prepared from pBTEX
harboring OSM and CHI (M= 100 bp marker, C=Control).
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DISCUSSION
Morphophysiological Variations Across Accessions of Medicago Species
Plant regeneration under in vitro conditions are affected by several different
parameters like selection of the genotype, type of the explant, the physiological condition
of the explant, concentration of phytohormones supplemented with the regeneration
medium, and the growth response of the explant to the regeneration medium (Attifield
and Evans, 1991). Although several species of Medicago (M. sativa, M. truncatula, M.
polymorph, M. litoralis, M. tonata, M. arborea) have been used for regeneration and/or
transformation studies (Nolan et. al., 1989; Erickson et. al., 1994; Trinh et. al., 1998;
Trieu et. al., 1996; Gallego et. al., 2001; Ding et. al., 2003), the rationale for selecting a
particular species has not been clearly stated. Since most of the studies were focused on a
single species, the comparative quantitative details of different morphophysiological
traits for different Medicago species used were not available. The availability of a large
number of accessions for each of the Medicago species further accentuate the likelihood
of variations across them for one or more of the morphophysiological traits. High percent
seed germination and vigorous growth of the seedlings are the two desirable traits for
selecting an accession of Medicago species for regeneration and transformation studies.
Therefore, the effort was directed towards identifying an accession that not only shows
high percent (≥50%) seed germination but also luxuriant growth of roots and shoots.
Earlier studies have reported significant variations in seed sizes and their germinability
across different species of Medicago (Lesins and Lesins, 1979; Buitink et al., 2003; Faria
et al., 2005). Consistent with these studies, differences in the seed size of 30 accessions
were apparent even with the naked eyes (Fig. 3A). Variations in seed sizes could be
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attributed to intrinsic genetic variability (Signor et. al., 2005). For further comparison of
the correlation between the seed size and the germination ability, seeds of all the
accessions were surface-sterilized and grown under controlled light (80-100 µmol m-2 s-1
PAR) and temperature (20-22°C). As anticipated, significant variations were observed in
the percent seed germination across the intra-specific accessions and also those belonging
to other species of Medicago. For instance, the average values for the percent seed
germination of M. sativa, M. truncatula, M. rugosa were 35.2%, 76.5%, 48.4%,
respectively. Variations in percent seed germination were also noticeable across different
subspecies of Medicago sativa with the values ranging from low (15.5%; M. sativa ssp
falcata), medium (22.9%; M. sativa ssp caerulea) to high (74.34%; M. sativa ssp sativa)
(Fig. 4C). Low percent seed germination observed for some of the accessions could be
attributed to physiological and physical dormancy (Gallardo et. al., 2006). Seed
dormancy is a quantitative trait and is regulated by many environmental and
physiological factors (Taylor, 1996; Gallardo et. al., 2006). Scarification and treating the
seeds with sulphuric acid or mercuric chloride are commonly used procedures for
breaking seed dormancy without affecting the viability of the embryo (Assche et al. 2003;
Can et. al., 2009). Since the main aim of our study was to identify a suitable accession
with high percent seed germination and copious growth of the seedlings, efforts were not
made to break the seed dormancy of some of the accessions that exhibited low percent
seed germination. In addition to seed dormancy, intrinsic genetic variability could also
have contributed towards the observed variation in percent seed germination across
different accessions.
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To further narrow down the selection procedure, one-week-old seedlings of all the
thirty accessions were also evaluated for morphological traits. Although in several studies
different species of Medicago were used for regeneration and/or transformation (Nolan
et. al., 1989; Erickson et. al., 1994; Trinh et. al., 1998; Trieu et. al., 1996; Gallego et. al.,
2001; Ding et. al., 2003), no specific descriptions were reported regarding the growth
performance of the seedlings in terms of root and shoot growth that could potentially act
as a useful information for deciding the suitability of a particular accession for the
purpose. For regeneration and transformation studies, various parts of the plant
(hypocotyl, petiole, root, leaf and cotyledonary nodes) are used as explants. Therefore,
not only high percent seed germination but also the growth rate of these plant parts is
pivotal for the success of regeneration and transformation studies. Accessions despite
exhibiting high percent germination values may not be amenable for regeneration and
transformation studies due to their poor growth and development. For instance, accession
JH25 (Medicago rugosa/ Paragosa/ PI 442893/ Australia) showed high percent (77.1%)
germination but its total root length (1.5 cm) and shoot area (5.4 mm2) were significantly
lower compared to some of the other accessions. On the contrary, accession JH13
(Medicago sativa ssp. caerulea/ No.779/ PI 222198/ Afghanistan) showed very low
percent (9.52%) germination, however its total root length (5.4 cm) and shoot area
(15.64 mm2) were significantly higher compared to some of the other genotypes (Fig. 4CE). The stringent assessment of morphological (seed size, root length and shoot area) and
physiological (seed germination) traits of all the 30 accessions facilitated the selection of
JH2 (M. sativa ssp. sativa, African/ NSL 4142/ USA) with relatively high percent (88.24
%) seed germination as well as copious growth of shoot (16.46 mm2) and root (5.77 cm).
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M. sativa ssp. sativa is extensively grown across the globe and used as fodder and thus
has a high commercial value. This accession was subsequently used for regeneration and
transformation studies.
Selection of the Explant for Regeneration
After selecting the genotype efficient for regeneration, our next concern was to select
an efficient explant for regeneration. Regeneration from different explants such as shoot
tip (Gulati and Jaiwal, 1990), leaf segments (Meijer et. al., 1985), cotyledonary nodes
(Wright et. al., 2006), apical meristem (Agarwal et al., 1997), root (Valvekens et. al.,
1988), petiole (Svetoslavova et. al., 2005) and hypocotyl (Isabel et al., 1996) has been
reported in many plant species. The majority of the earlier studies in Medicago (Golds et.
al., 1991; Hee-Ju et. al., 1997; Lin et. al., 1997) recommend the use of hypocotyl due to
its high percent regeneration (45-65%) and also because of the higher chances for
developing into shoot (Hosokawa et. al., 1996). Our studies also showed 46.15%
regeneration of hypocotyl explants and hence it was selected as an explant for the
regeneration and transformation studies (Fig. 6B and E). The most preferred regeneration
method for any transformation system is via somatic embryogenesis due to its single cell
origin. The standardization of regeneration in this study gave preference to the
development of such a protocol and the efforts, in this direction could achieve plantlet
regeneration through somatic embryogenesis.
Confirmation of the Binary Vector and Transformation of Agrobacterium
The rationale for designing multiple sets of primers was to select one set that yielded
product of expected size without non-specific amplification. Lack of PCR amplification
with some of the gene-specific primers for both OSM and CHI genes remain unclear. A
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possible reason could be the difference in GC content. Successful PCR amplification
(Fig. 8) and, correct restriction digestion (Fig. 7) validated the presence of OSM-CHI
gene chimera in the binary vector and hence it was used for mobilizing into
Agrobacterium. To ensure effective plant transformation, we selected the commonly used
hypervirulent A. tumefaciens strain EHA105 that was already proved efficient in
transforming other genotypes of legumes (Hood et. al., 1993). Colony PCR technique
was effective in quick screening of the plasmid inserts directly from the bacterial colonies
saving the time required for the plasmid extraction step after transformation (Fig. 10).
Agrobacterium-mediated Transformation of the Medicago Hypocotyl Explants
Physiological age of the explant and co-cultivation conditions are considered key
factors that significantly influence the successful expression in transgenic plants. Sonia et
al. (2007) used 16-h-old cotyledonary nodes as explants for transformation of Vigna
radiata and reported that younger explants are highly suitable for Agrobacteriummediated transformation. Results of our study reveals that hypocotyl explants from oneweek-old seedlings serve as a suitable material to achieve relatively high frequency of
transformation. Wounding the plant material before co-cultivation perhaps stimulates the
production of potent vir gene-inducers like phenolic substances thereby facilitating the
entry of Agrobacterium into the plant tissue and further increasing the competence of
plant cells for transformation (Binns and Thomashow, 1988). Acetosyringone mimics
some natural phenolic compounds that are secreted by plants as wound response and
which Agrobacterium uses to sense the wound site of the plant. It has been proven in
earlier studies that this phenolic compound enhances plant transformation (Sheikholeslam
SN and Weeks DP, 1987). Inclusion of 200 µM acetosyringone in the infection media
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significantly enhanced the transformation efficiency of M. sativa ssp. sativa. Based on
our observations, it is concluded that infecting the explants for 30 min in the presence of
acetosyringone followed by co-cultivation for 3 days in the dark is the best approach for
yielding a high transformation frequency. Prolonged co-cultivation exceeding 3 days led
to bacterial overgrowth, which resulted in necrosis and death of the explants. An efficient
selection system should establish a good conciliation between the regeneration capacity
of the explants and the effectiveness of the selection applied. The use of 50 µg/ml
kanamycin usually reported in the literature (Chabaud et. al., 1996; Trinh et. al., 1998)
leads to the selection of a large number of false positives. The results of this study
indicate that kanamycin concentration is critical for the selection of the transgenic tissues.
This might be due to the fact that legumes have a natural resistance to amino glycoside
antibiotics like kanamycin (Christou et. al., 1994). In fact, a threefold increase of the
kanamycin concentration (200 µg/ml) drastically reduced the number of false KanR (Fig.
11D, E), avoiding future exhaustive work for analyzing the transformants.
A vital step in the regeneration of the transformed tissues is the successful elimination
of the bacterial contamination followed by co-cultivation of these regenerated tissues on
to fresh regeneration medium (Padmanabhan and Sahi, 2009). In this study, carbenicillin
(Chabaud et. al., 2007) was selected as antibiotic used for suppressing the growth of
agrobacterium based on earlier studies in Medicago and other plant species. Due to the
over growth of Agrobacterium, higher concentrations of carbenicillin (500 mg/L) were
found more suitable for suppressing the bacterial overgrowth with temperate effect on
regeneration. It has been previously reported that the use of high concentrations of
bactericidal antibiotics like cefotaxime, carbenicillin, augmentin, etc., have inhibitory
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effects on the regeneration of many legumes (Barik et. al., 2005). However there are also
reports stating the advantageous effects of antibiotics on regeneration of plants (Suzuki
and Nakano, 2002). These optimized parameters were successfully applied for the stable
genetic transformation and regeneration of M. sativa ssp. sativa using hypocotyl explants.
Molecular Analysis of the Transformants
PCR using genomic DNA as template could amplify the OSM and CHI genes only in
the case of the transformed shoots (Fig. 12). Result of the southern blot further confirms
the integration of the foreign genes and thereby identifying the true transformants (Fig.
13). However, there were some technical artifacts in the southern, which resulted in the
faded bands. This might be because of the small size of the PCR fragment (70 bp) used
for blotting. As the size of the DNA fragments become less (<100 bp), there are more
chances for diffusion inside the gel during the washing and neutralization steps. DNA
sizes of 100 to 10, 000 bp was recommended for optimal results with the DIG-DNA
labeling kit. Attempts to directly use genomic DNA after restriction digestion for
southern blotting were unsuccessful because of the low concentration of the DNA
isolated from transgenic shoots.
In the pursuit of getting a few more positive transgenics, several attempts were made
to generate transgenics that could be subjected to sequential screening for positive and
stable transgenics. However, there was a high incidence of Agrobacterium contamination
even a few weeks after transformation. To circumvent this problem, higher
concentrations of carbenicillin (500 µg/ml) were used in CIM. Although high
concentrations of the antibiotic did eliminate the Agrobacterium contamination, the
regeneration of the transgenic shoots was dramatically attenuated and resulted in an
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overall stunted growth of the shoot. Reducing the concentration of the antibiotic
(carbenicillin 350 µg/ml) did not accentuate the growth responses of these transformed
calli. This problem was further aggravated by chronic fungal contamination. Presently
efforts are underway to address these contamination issues and enhance the regeneration
of transgenic calli. In order to estimate the transformation efficiency in this study, a few
more samples need to be analyzed. The protocol designed could achieve a stable
transformation frequency of 1-2% for hypocotyl explants.
In conclusion, a simple and efficient gene transfer protocol is put forward in this
study for M. sativa ssp sativa. This is the first report on the genetic transformation of M.
sativa ssp sativa (African/ NSL 4142/ USA). These data might serve as a basis for future
transformation experiments in M. sativa ssp sativa. However, certain refinements in the
technique are required to further improve the transformation frequency. This is a
preliminary attempt to transform this plant in order to make it resistant to adverse
environmental conditions. Future studies will focus on the hardening of these transgenics
in the green house for surviving under field conditions. Back crossing also has to be done
for stabilizing the genes in the succeeding progenies. The next and most important phase
of the study would be testing the growth response of these transgenics under various
biotic and abiotic stress conditions.
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